Introduction
The genus Fusarium includes many important plant pathogens, and pathogenic Fusarium spp. cause huge economic losses to many crops worldwide as a result of mycotoxin contamination and yield reduction. One group within the genus is the Gibberella fujikuroi species complex, a monophyletic but diverse complex that contains > 50 Fusarium species with similar morphological traits. Based on DNA-based phylogenetic analysis, this complex is categorized into African, Asian, and American clades. The following three mating populations in the complex are associated with the bakanae disease of rice: mating type population A (anamorph, Fusarium verticillioides); mating type population C (anamorph, F. fujikuroi); and mating type population D (anamorph, F. proliferatum). The main species causing rice bakanae in China is F. fujikuroi. This species was first isolated from infected rice plants and was identified as the causative agent of 'bakanae', or 'foolish seedling disease' in 1890 (Hori, 1890) . Affected plants are chlorotic, etiolated, and produce empty panicles (Syn & Snyder, 1981) .
In the past, bakanae disease was controlled with benzimidazole fungicides, which have systemic activity against a wide range of fungi. Benzimidazole fungicides interact with tubulin (and especially b-tubulin) and include benomyl, carbendazim (MBC), thiabendazole, and thiophanate-methyl. These fungicides have been widely and extensively used to control bakanae since the 1970s but have generally lost their efficacy because of benzimidazole resistance (Schroede & Provvidenti, 1969; Bollen & Scholten, 1971 ). In the case of UV-mutants of F. moniliforme (synonym, F. verticillioides), resistance resulted from a Tyr50Asp mutation in b 1 tub (Yan & Dickman, 1996) . Resistance to benzimidazole fungicides has also been reported in F. graminearum, Helminthosporium solani, and many other plant-pathogenic fungi, and usually results from mutations at Phe167Tyr, Glu198Ala, Val, Gly, Phe200Tyr, and other codons in the b-tubulin gene (Koenraadt et al., 1992; Albertini et al., 1999; Leroux et al., 2002; Ma & Michailides, 2005) .
Previous research in our laboratory showed that although the b 1 tub gene (GenBank accession number JQ026022) in F. fujikuroi had a high putative amino acid identity with that of the b 1 tub gene (Broad Institute gene accession number FVEG_04081.3) from F. verticillioides and other filamentous plant-pathogenic fungi, no mutations were detected in the b 1 tub gene of F. fujikuroi, that is MBC resistance in F. fujikuroi was unrelated to the b 1 tub gene (Ma et al., 2012) . Because an assembled genomic database for F. fujikuroi was lacking, we postulated that F. fujikuroi should have a tubulin gene family with five members: a 1 -, a 2 -, b 1 -, b 2 -, and c-tubulins. We also postulated that MBC resistance in F. fujikuroi might result from mutations in the b 2 tub gene.
The objectives of this paper were: (1) to clone b 2 tub from F. fujikuroi strains differing in MBC sensitivity in order to determine whether mutations in b 2 tub are associated with MBC resistance; and (2) to determine whether mutations in b 2 tub are the cause of MBC resistance in F. fujikuroi by constructing and studying b 2 tub-deletion and b 2 tub-complementation mutants.
Materials and methods

Fungicides and fungi
Technical-grade MBC was provided by the Shenyang Academy of Chemistry and Industry (China). The fungicide was dissolved in 0.1 M hydrochloric acid (HCl) at 10 mg mL À1 as a stock solution and was added to autoclaved media after the media had cooled to 45-50°C. HCl was used to adjust the pH of all media to 6.8. More than 150 strains were isolated from infected rice stems in Jiangsu during [2007] [2008] [2009] [2010] [2011] [2012] 
Phylogenetic analysis of b 2 tub
Amino acid sequences of b 2 tub from F. fujikuroi and other plant pathogens were obtained from the public database GenBank. For phylogenetic analysis, the protein sequences were aligned with CLUSTAL W (Thompson et al., 1994) using the Blosum matrix and standard default parameters. A phylogenetic tree was constructed using MEGA software (Kumar et al., 2004) with the neighborjoining method, and positions with gaps were excluded. The confidence of the branches was determined by bootstrap analysis in 1000 samplings.
Cloning and sequencing of the b 2 tub gene (Table 1) . PCR was conducted with the following parameters: one cycle at 94°C for 5 min, followed by 35 cycles at 94°C for 60 s, 54°C for 30 s, 72°C for 90 s, and a final extension at 72°C for 10 min. The PCR products were electrophoresed through a 1.2% agarose gel in 0.59 Tris-borate EDTA (TBE) buffer and purified by the AxyPrep PCR Cleanup Kit (Axygen Biosciences, China), and then sequenced by sequencing company. (Table S1 ). The 3.5-kb fragment of hph-hsv DNA was amplified from plasmid PtrpChptAPItk (Zheng et al., 2013) with the primer pair HT-F/ HT-R (Table S1 ). Then, three fragments (1.2-up: 3.5-hph-hsv: 1.2-down) were connected by double-joint PCR (Liu et al., 2010) . With the double-joint PCR products as template, the deletion vector was obtained by PCR amplification using the primer pair Nest-F/ Nest-R (Table S1 ). The PCR product was purified with the AxyPreTP DNA Gel Extraction Kit (Axygen Biosciences, China) according to the manufacturer's instructions.
Protoplasts were prepared as described (Chen et al., 2009) . Transformation was carried out as described previously (Maier et al., 2005) . Genomic DNAs of the transformants were extracted by the CTAB method (Nicholson & Parry, 1996) . After transformation, putative hygromycin-resistant transformants were screened and further characterized by PCR amplification and Southern blot analysis. Genomic DNAs of the transformants were digested with EcoRI, and b 2 tubs were detected by hybridization with the DIG-labeled DNA probe (Fig. S1 ). Southern blotting was performed with the Dig-High Primer DNA Labeling and Detection Starter Kit I (cat. no. 11745832910; Roche, Germany) according to the supplier's instructions. One deletion mutant was obtained for each of the three parent strains (Table 1) .
Complementation of b 2 tub-deletion mutants
For construction of b 2 tub-complementation vectors, the primers HF-F/HF-R were used to amplify the 4.4-kb fragment containing the entire b 2 tub locus from genomic DNA of strains YC3, YCA, and YC4201 (Table S1 ). Protoplasts of the b 2 tub-deletion mutants were transformed with the corresponding b 2 tub locus as described above. The complementation mutants were confirmed by PCR amplification and Southern blot analysis. One complementation mutant was obtained for each of the three parent strains (Table 1) . RNA was extracted from the mycelia of each strain as described by Liu et al. (2010) . The cDNA was produced from 0.8 lg of total RNA from each strain using M-MLV RT (Invitrogen) following the manufacturer's instructions. The cDNA was stored at À20°C.
RNA extraction and RT-PCR assay
Real-time PCR was performed in a 25-lL reaction mixture containing 16.875 lL ddH 2 O, 1.0 lL RT reaction product, 0.125 lL (1.25 units) Taq DNA polymerase [TaKaRa Biotechnology (Dalian) Co., Ltd), 1.5 lL (0.8 mM) MgCl 2 , 2.0 lL (0.2 mM) dNTP, and 0.5 lL (0.4 mM) of each primer, and 2.5 lL of 109 PCR buffer [TaKaRa Biotechnology (Dalian) Co., Ltd]. The 404-bp fragments of b 2 tub mRNA transcripts were amplified with primer pair b 2 CDNA-F/b 2 CDNA-R from the b 2 tub of the parental strains. In contrast, deletion mutants had no straps. The 356-bp fragments of b 1 tub mRNA transcripts were amplified by primer pair b 1 CDNA-F/ b 1 CDNA-R. As an internal control, a 145-bp fragment of the actinF gene was amplified with primer pair actin-F/actin-R (Table S1 ). The PCR was conducted as follows: initial denaturing at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 10 min.
Sensitivity of b 2 tub-deletion and -complementation mutants to MBC in vitro
The MBC sensitivity was determined for three parent strains, three b 2 tub-deletion mutants, and three b 2 tubcomplementation mutants. A mycelial plug (5 mm in diameter) was cut from the edge of a 7-day-old colony of each strain or mutant and placed in the center of a 9-cmdiameter Petri dish containing potato sucrose agar (PSA) amended with MBC at 0, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, or 12.8 lg mL
À1
. After 7 days under 25°C, the change in colony diameter was determined. Each combination of strain or mutant and concentration was represented by three replicate plates, and the experiment was performed twice. The EC 50 values (concentrations resulting in 50% growth inhibition) were calculated by regressing the percentage of growth inhibition against the log of fungicide concentration, as described previously (Chen et al., 2008) . The MIC values (the concentration resulting in 100% mycelial growth inhibition) were also determined in the same experiment.
Growth rate and sporulation of the b 2 tubdeletion and b 2 tub-complementation mutants in vitro Conidia production, mycelial morphology, biomass accumulation, and mycelial linear growth rate were determined for three b 2 tub-deletion mutants, three b 2 tubcomplemention mutants, and three parental strains as described in the following paragraphs. Each mutant or strain was represented by three replicate flasks or plates, and the experiments were performed twice.
For conidia production, 10 mycelial plugs (5 mm diameter) from the edge of a 7-day-old colony were transferred to a 250-mL flask containing 100 mL of mung bean broth (MBB). After 7 days in shake culture (170 r.p.m.) at 25°C and with light, conidia were harvested by washing the culture through two layers of filter with sterile water. A 10-lL volume of the conidia suspension was placed on a microscope slide and covered with a coverslip. The conidia on the slide were observed with an Olympus IX 71 microscope.
For determination of mycelial morphology, each parent strain or mutant was grown for 1-2 days at 25°C in a 9-cm-diameter Petri dish containing WAM (water agar medium) before a 1 9 1 cm 2 section of the culture was cut, placed on a glass microscope slide, covered with a coverslip, and examined with an Olympus IX 71 microscope.
For determination of biomass accumulation, five mycelial plugs (5 mm diameter) from the edge of a 7-day-old colony were transferred to a 250-mL flask containing 100 mL of potato sucrose (PS). After 2 days of shake culture (170 r.p.m.) at 25°C with 12 h of light per day, the hyphae in the flask was collected by filtration, washed, dried at 70°C, and weighed.
For determination of mycelial growth rate, a mycelial plug (5 mm in diameter) taken from the edge of a 5-dayold colony was grown in a 9-cm-diameter Petri dish containing PSA at 25°C. After 7 days, the diameter of each colony was measured.
Pathogenicity of b 2 tub-deletion and b 2 tubcomplementation mutants on fresh tomato fruits Three parent strains, three b 2 tub-deletion mutants, and three b 2 tub-complementation mutants were grown on PSA at 25°C for 5 days. Fresh tomato fruits (Lycopersicon esculentum cultivar Kaisa) were inoculated with mycelial mats as previously described (Di Pietro et al., 2001 ). After 5 days at 30°C with 12 h of light per day, the lesions were measured. Each mutant or strain was represented by three replicate fruits, and the experiment was performed three times.
Results
Comparison of b 2 tub sequences in MBCsensitive vs. MBC-resistant strains
The 1496-bp fragments of b 2 tub from the 14 strains that differed in MBC sensitivity were amplified by primer pair b 2 -F/b 2 -R (Table S1 ) and the whole 1704-bp nucleotide sequences were completed according to the b 2 tub nucleotide sequences of F. verticillioides. The positions of the six introns that interrupt the open reading frame (ORF) were confirmed by comparison with the b 2 tub sequence of F. verticillioides (FVEG_05512.3) . The ORF encodes a putative protein of 448 amino acid residues, with a calculated molecular weight of 50.16 kDa, a G + C content of 52.46%, and an estimated iso-electric point of 4.38.
There were three nucleotide differences between the MBC-sensitive strains and MBC-resistant strains ( 
Phylogenetic analysis
The b-tubulins (b 1 tub and b 2 tub) from F. fujikuroi and other plant pathogens were subjected to a phylogenetic analysis based on the amino acid sequence, and the analysis produced a tree with two branches (Fig. S2) . The b 2 tub from F. fujikuroi was in a branch with b 2 tub from F. graminearum, F. oxysporum, and F. verticillioides. The b 1 tub from F. fujikuroi was in a branch with b 1 tub from F. oxysporum and F. verticillioides.
The deduced amino acid sequence identity was 77% between the b 2 tub and the b 1 tub in F. fujikuroi (Fig. 1) . The b 1 tub of F. fujikuroi has a higher identity than the b 2 tub of F. fujikuroi to the b-tubulin genes that have been shown to confer MBC resistance in F. verticillioides and other plant pathogens (Fig. S2) .
Confirmation of b 2 tub-deletion and -complementation mutants
For the b 2 tub-deletion mutants (Db 2 -YC3-133, Db 2 -YCA-181, and Db 2 -YC4201-101), hygromycin-resistant and 5-fluoro-2 0 -deoxyuridine (F 2 Du)-sensitive transformants were screened via PCR amplification for the presence of the following fragments: the 1.5-kb sequence of the b 2 tub locus (Fig. S3a) , the 2.2-kb upstream sequences (Fig. S3b) , (Fig. S3c ). These were amplified by the primer pairs of b 2 -F/b 2 -R, F1/R4, and F4/R2 (Table S1 ), respectively.
For complementation, the b 2 tub from each of three parent strains was transformed into the corresponding b 2 tub-deletion mutant, and the complementation was confirmed by the PCR analysis described in the previous paragraph.
Three parent strains, three deletion mutants, and three complementation mutants were finally analyzed by Southern blotting and RT-PCR. Only one band was detected from the b 2 tub-deletion mutants in the Southern blot analysis (Fig. S3d) . PCR fragments of b 2 tub were only detected in three parental strains and in three complementation mutants (Fig. S4) . The RT-PCR also indicated that the expression of b 1 tub was not affected by the deletion of b 2 tub (Fig. S4) .
Sensitivity of mutants to MBC in vitro
Three parental strains, three b 2 tub-deletion mutants, and three b 2 tub-complementation mutants were assessed for in vitro sensitivity to MBC. EC 50 values were much lower for the b 2 tub-deletion mutants than for the parental strains ( Fig. 2; Table 2 ). These b 2 tub-deletion mutants were considered to be hyper-sensitive to MBC. The MBC sensitivity of each of three b 2 tub-complementation mutants was similar to that of the parental strain, that is, MBC resistance or sensitivity was restored by transforming the b 2 tub-deletion mutants with the b 2 tub gene from the parental strain. Similarly, MIC values were lower for the deletion mutants than for the parental strains or complementation mutants (Table 2) .
Mycelial growth, sporulation, and pathogenicity of mutants
The b 2 tub-deletion mutants grew significantly slower than their parental strains but had similar colony morphology on PSA plates (Fig. 2, Table 2 ). Microscopic examination revealed that the morphology of mycelia and conidia appeared similar for the b 2 tub-deletion mutants, their parental strains, and their complementation mutants (data not shown). The b 2 tub-deletion mutants produced significantly fewer conidia compared with the parental strains or the complementation mutants (Table 2) . Mycelial dry weights were less for the b 2 tub-deletion mutants derived from the MBC S and MBC HR strains than for their parental strain and complementation mutant. However, the mycelial dry weight was greater for the b 2 tub-deletion mutant derived from the MBC MR strain than for its parental strain or complementation mutants ( Table 2) .
The virulence of the b 2 tub-deletion mutants was compared with that of their parental strains and complementation mutants by inoculation of fresh fruits of the tomato cultivar Kaisa with mycelial mats. Although all the parental strains and mutants produced lesions on the fruits, the lesions were smaller for the b 2 tub-deletion mutants than for the parental strains or complementation mutants (Fig. 3, Table 2 ). Thus disruption of the b 2 tub decreased the virulence of F. fujikuroi.
Discussion
As noted in the Introduction, MBC resistance in F. verticillioides and many other fungi has been attributed to mutations in b 1 tub. This is not the case, however, for MBC resistance in F. fujikuroi, which is an important causal agent of bakanae disease of rice in China. Although the b 1 tub in F. fujikuroi is very similar to that in F. verticillioides, a previous study (Ma et al., 2012) demonstrated that MBC resistance in F. fujikuroi did not result from mutations in b 1 tub.
The current study provides strong evidence that MBC resistance in F. fujikuroi results from changes in b 2 tub. In this study, we first showed that the MBC resistance among F. fujikuroi strains in field was associated with mutations in b 2 tub: MBC HR strains had mutations at codon 198 and 235, and MBC MR strains had mutations at codon 200 and 235. To confirm that mutations in b 2 tub were causally related to MBC resistance, we showed that MBC resistance was nullified by deletion of the b 2 tub and was restored by complementation with the parental b 2 tub.
As a genetic marker, the b 2 tub gene of F. fujikuroi should be more effective than herpes simplex virus thymidine kinase (hsv-tk). When constructing the complementation mutants in this research, we used hph and hsv-tk as the genetic markers; hph was mainly used as a selectable marker for screening deletion mutants and hsv-tk was used as a negative marker for selecting complementation mutants. Owing to replacement of the entire b 2 tub locus from MBC-resistant strains, we used discriminative concentrations of MBC to screen the transformants. Thirty transformants were obtained and confirmed by PCR and Southern blotting. The positive rate of complementation mutants was 100%, which is markedly higher than the positive rate obtained when screening with hsv-tk.
Our results also indicate that the acquisition of MBC resistance is accompanied by a reduction in fitness, in that the resistance strains produced fewer conidia and were less virulent than the parental strains. The reduction in fitness is evidently offset by the ability to withstand MBC or by other characteristics that were not measured.
For b 2 tub of Gibberella zeae, the anamorph was F. graminearum, which has 92% amino acid sequence identity with the b 2 tub of F. fujikuroi, and mutations at positions 73, 167, 198, and 200 cause different levels of MBC resistance (Chen et al., 2009) . Although deletion of b 2 tub results in the inability of G. zeae to grow, this was not the case for the deletion mutants of F. fujikuroi. Colony size and shape were not greatly affected when b 2 tub was deleted from F. fujikuroi. In Botrytis cinerea (Luck & Gillings, 1995) , H. solani (McKay & Cooke, 1997) , Tepesia acuformis (Albertini & Leroux, 1999) and other plant pathogens (Ma & Michailides, 2005) , MBC resistance is due to mutation at position 198 or other amino acid sites of the b-tubulin gene. Nevertheless, the effect of mutation at codon 235 in b 2 tub, which did not cause the change of amino acid, requires further research.
In summary, we provide strong evidence that MBC resistance in F. fujikuroi resulting from mutations in the b 2 tub differs from the mechanism of resistance to benzimidazole fungicides in F. verticillioides. Determining how these mutations result in MBC resistance will require additional research. Resistance of F. fujikuroi to benzimidazole fungicides
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